Sulfatases are enzymes essential for degradation and remodeling of sulfate esters. Formylglycine (FGly), the key catalytic residue in the active site, is unique to sulfatases. In higher eukaryotes, FGly is generated from a cysteine precursor by the FGly-generating enzyme (FGE). Inactivity of FGE results in multiple sulfatase deficiency (MSD), a fatal autosomal recessive syndrome. Based on the crystal structure, we report that FGE is a single-domain monomer with a surprising paucity of secondary structure and adopts a unique fold. The effect of all 18 missense mutations found in MSD patients is explained by the FGE structure, providing a molecular basis of MSD. The catalytic mechanism of FGly generation was elucidated by six high-resolution structures of FGE in different redox environments. The structures allow formulation of a novel oxygenase mechanism whereby FGE utilizes molecular oxygen to generate FGly via a cysteine sulfenic acid intermediate.
Introduction
Enzymes of the sulfatase family mediate hydrolysis of sulfate esters such as glycosaminoglycans, sulfolipids, and steroid sulfates in eukaryotic cells. Reduced activity of sulfatases is linked to severe lysosomal storage disorders such as mucopolysaccharidoses and metachromatic leukodystrophy and to nonlysosomal disorders such as X-linked ichthyosis and chondrodysplasia punctata (Hopwood and Ballabio, 2001 ). Causative mechanisms for these diseases include missorting of sulfatases and mutations in sulfatase-encoding genes that lead to inactive enzymes. However, a severe reduction or complete lack of all sulfatase activities, termed multiple sulfatase deficiency (MSD), originates from mutations in the gene coding for FGE, the formylglycine (FGly)-generating enzyme (Cosma et , 1998) . Also present in the ER is the FGE paralog pFGE, which shares 50.6% sequence identity (57.4% homology) with FGE over 283 residues. The function of pFGE is ill defined at present, as it possesses no FGly-generating activity. However, the pFGE gene expression levels are substantial and the pFGE/ FGE ratios are approximately equal in all tissue types studied, pointing to a function of pFGE that is related to FGE activity .
The generation of FGly from a cysteine residue is a multistep redox process that involves disulfide bond formation and requires calcium, molecular oxygen, and a reducing agent (Fey et . Comparison of FGE sequences from different higher eukaryotes and mass spectrometric analyses revealed six conserved cysteine residues that are organized in three disulfide bonds, one of which is partially reduced and may participate in FGly formation. Notably, no redoxactive metal ion or any cofactor is required for FGE activity, and molecular oxygen serves as the terminal electron acceptor. The details of how oxygen-dependent cysteine oxidation is mediated in the ER in general remains unclear, despite the crystal structures of two cysteine oxigenases involved in protein disulfide formation, Ero1p and Erv2p (Gross et al., 2002; Gross et al., 2004) .
We determined the crystal structure of FGE to delineate the active site and extract a structure-based mechanism for FGly generation. FGE is a single-domain monomer with a surprising paucity of secondary structure and adopts a unique fold that is stabilized by two Ca 2+ ions. The effect of all mutations found in MSD patients is explained by the FGE structure, providing a molecular basis for MSD. A redox-active disulfide bond is present in the active site of FGE. Most strikingly, an oxidized cysteine residue, possibly cysteine sulfenic acid, was detected that allows formulation of a struc- (Laskowski et al., 1993) . Numbers reflect the percentage amino acid residues in the core, allowed, generous allowed, and disallowed regions, respectively. ture-based mechanism for FGly formation from cysteine residues in all sulfatases.
Results and Discussion
Overall FGE Structure Six independent structures were determined from crystals grown in different redox environments by molecular replacement using pFGE (Dickmanns et al., 2005 ) as a search model and refined to resolutions between 2.6 Å and 1.55 Å with excellent stereochemistry (Table 1) . Main features of the FGE structure include the presence of two Ca 2+ ions, N-glycosylation at Asn141, two cis-peptide bonds at Pro115 and Pro266, and three disulfide bonds ( Figure 1A ). FGE is a compact molecule without obvious domain boundaries that have been suggested from sequence comparisons (Landgrebe et al., 2003) and proteolytic experiments (Preusser-Kunze et al., 2005). The protein adopts a novel fold ( Figure 1B ) that is similar to pFGE (Dickmanns et al., 2005) but also displays important differences. The secondary structure content of FGE is low with only 20% β-and 13% α-structure. 3% of all residues adopt a 3 10 -helical conformation. β strands β7, β8, β10, β13, and β14 are very short, consisting of only two residues. No structural homologs were found in the DALI database (Holm and Sander, 1993) (Figure 2A ). The first insertion of three residues in FGE immediately precedes the N-glycosylation site of pFGE. The second and third insertions mark an increased loop length of 22 residues from Asp304-Lys325 in FGE as opposed to four residues from Ala244-Gln247 in pFGE. Interestingly, a short β strand (β10) is formed by the larger loop in FGE that extends the β sheet β2/β3 present in pFGE (Figures 1 and 2A, right) . The insertions are remote from the active site (see below) but conserved among all FGEs, suggesting an important function that is both unrelated to FGly formation and lacking in pFGEs.
Of the complex glycosylation present in FGE (Preus- ser-Kunze et al., 2005), the two proximal N-acetyl-glucosamine residues were identified from the electron density maps at Asn141. While many FGEs, including the enzymes from mouse, rat, chicken, pig, and trout, conserve the glycosylation site, this site is missing in FGE from toad, frog, medaka, and pufferfish. By contrast, all known pFGEs but the one from sea urchin conserve a glycosylation site at Asn191, putting the carbohydrate at the other end of the molecule (distance 35 Å; Figure 2A) .
Two metal ions, buried in the hydrophobic core, were clearly identified in the electron density maps of FGE. Two out of three disulfide bonds, Cys218-Cys365 and Cys235-Cys346, are permanently present in FGE and contribute to its stability. The Cys218-Cys365 disulfide bond is also present in pFGE and adopts the same structure, establishing its role in protein stabilization. Mixed disulfide bonds between a substrate peptide and preferentially Cys341, and to a much lesser extent also with Cys336, were observed by mass spectrometry (J. Peng, K.v.F., T.D., B.S., A.P.-K., and M.M., unpublished). In addition, Cys336 and Cys341 are conserved among all FGEs and are in close proximity to each other, facilitating intramolecular disulfide bond formation. The loop between Cys336/Cys341 displays elevated main chain temperature factors, suggesting structural flexibility, which is a hallmark for regions undergoing conformational changes during binding events (Luan et al., 2000) . Thus, the redox-active Cys336/Cys341 region in FGE is a prime candidate for a catalytic entity. The active site, therefore, is likely to comprise all three residues: Pro182, Cys336, and Cys341.
The distance between the Cα atoms of Cys341 and Pro182 is w21 Å. For a fully extended conformation, the distance between Cys69 and Leu77 in the ASA p23 peptide is calculated to 27 Å. Thus, the substrate peptide could easily span the distance between Cys341 and Pro182, and the distances involved suggest that the substrate is bound to FGE in an almost completely extended fashion. No crosslinks were detected with peptides that carried the photoactive Bpa label N-terminal to the modified Cys69 (Preusser-Kunze et al., 2005), further establishing that the orientation of the substrate with respect to FGE is not arbitrary but with the N-terminal part at Cys341 and the C-terminal part located in the vicinity of Pro182.
Indeed, a surface representation of FGE shows an oval-shaped groove of 20 Å length, 10 Å depth, and 12 Å width (yellow in Figure 3 ) that is bordered by the Cys336/Cys341 pair at one end and Pro182 at the other end. This groove is sufficiently large to host up to six amino acids of a substrate and thus could accommodate the minimal sequence motif of CXPSR (where X is T, S, C, or A) that can be converted to FGly by FGE. Eleven residues (Ala149, Ser155, Trp299, Lys329, Ser333, Met335, Ser356, Ser357, Ala358, Asn360, and Leu361) line the groove. Importantly, the groove is extended in both directions, although not as deep, along the surface of FGE, which enlarges the substrate binding area. Asn107, Arg338, and Tyr342 (magenta in Figure 3) at the N-terminal substrate binding site and Phe152 and Asn154 (blue in Figure 3 ) at the C-terminal substrate binding site form these areas. In conclusion, the "channel" across the surface of FGE and the groove bordered by the reactive disulfide bond and Pro182 in FGE constitute a functionally bipartite binding/active site for the unfolded sulfatase substrates.
Cys336/Cys341 Is a Redox-Active Disulfide Bond and Essential for Catalysis
We assessed the redox activity of the Cys336/Cys341 pair and its role in the catalytic mechanism of FGE by six independent crystal structures, which were determined from crystals of different age or that were grown under different redox environments. Unlike all other cysteine residues in FGE, Cys336 and Cys341 are extremely sensitive to oxidation. In structure 1 (Figure 4A ), obtained from a 3-day-old crystal, the Cys336/Cys341 pair is oxidized and reduced, respectively, in about half of the molecules. A fully reduced FGE molecule was generated by addition of 20 mM cysteine to the crystallization setup (structure 2; Figure 4B ). Older FGE crystals of 16 days (structure 3; Figure 4C ) and 39 days (structure 4; Figure 4D ) clearly show the presence of a partial Cys336-Cys341 disulfide bond. Surprisingly, additional unbiased F o − F c electron density is visible in both structures at the part of Cys336 that is not engaged in a disulfide bond. This density is fitted equally well by a cysteine sulfenic acid plus a water molecule that is partially occupied (Cys-S-OH or Cso; Figure 4C ) or by a hydroperoxide moiety (Cys-S-O-OH or Peo; Figure 4D) . Both of these entities may represent catalytically relevant intermediates, although the peroxide moiety presumably is less stable than the sulfenic acid. The sensitivity of the Cys336/Cys341 pair to oxidation is further borne out by a structure determined from a 22-day-old FGE crystal grown at pH 10.5. This structure shows Cys336 to be oxidized to cysteine sulfonic acid fonic acid is irreversible, leading to a dead-end side product. This raises the problem of FGE inactivation in the ER by reactive oxygen species that are generated during oxidative protein folding (Tu et al., 2000) .
The direct implication of Cys336 and Cys341 in FGE catalysis was proven by the inactivity of the serine mutants. The C336S and C341S FGE proteins were purified to homogeneity from stably overproducing HT1080 mutant cell lines and analyzed for FGly-generating activity in vitro. Both mutants are catalytically inactive (<0.2% of wild-type activity). Even extensively prolonged incubation times and using 50-fold more of the mutant proteins as compared to the wild-type control did not result in detectable substrate turnover. These data demonstrate that both Cys336 and Cys341 are part of the active site and essential for the FGly-generating activity of FGE. (Gilmour et al., 1994) , it was always found to serve a structural, not a catalytic, purpose. In summary, eukaryotic FGEs must employ a unique mechanism that involves a disulfide bond and that is very different from the redox chemistry seen in conventional oxigenases and dehydrogenases.
FGE Employs a Nonclassical Mechanism for Cys Oxidation

The Catalytic Cycle of FGly Generation
Formally, the oxidation of an alcohol or a thiol to the respective aldehyde requires abstraction of a hydride ion from the carbon atom carrying the hydroxyl or thiyl group. This strategy is used by NAD + -dependent dehydrogenases but cannot be employed by FGE due to the absence of a hydride acceptor in the active site. Another strategy would be the oxidation of the thiol sulfur atom to a sulfenic acid, followed by a β-elimination of hydroxide or water. In the case of a cysteine residue, this elimination requires abstraction of a proton from the Cβ-atom by a catalytic base. This scenario is supported by the cysteine sulfenic acid at position 336 in structure 3 ( Figure 4C ). Cys336 exhibits two alternate conformations, either forming a disulfide bond with Cys341 or existing as cysteine sulfenic acid. As the redox potential in the ER is more oxidizing than that of the cytosol, both the disulfide-bridged form of FGE and the sulfenic acid are likely reaction intermediates in the catalytic cycle.
Cysteine , unpublished) . Thus, the cysteine sulfenic acid in FGE could be generated in the ER by reaction of O 2 with Cys336, possibly by a radical mechanism. The putative hydroperoxide at Cys336 in structure 4 may be a product of this reaction, which may then decompose to the sulfenic acid. Apart from the cases where the cysteines were irreversibly oxidized to the sulfonic acids by H 2 O 2 ( Figure 4E) , no oxidation to a sulfenic, sulfinic, or sulfonic acid was ever seen with Cys341. This fact points to Cys336 as the major redox partner during FGly generation. In conjunction with the mass spectrometric result that peptides form mixed disulfide bonds preferentially with Cys341, two specific functions may be assigned to the catalytically active cysteines: Cys341 binds the substrate and Cys336 oxidizes it.
Three conserved residues, Ser333, His337, and Tyr340, are present in the vicinity of the Cys336/Cys341 pair and could serve as catalytic bases for the elimination reaction. Ser333 is the most likely candidate, as it is located only 4.6 Å from the modified Cys336 and 7.7 Å from Cys341. The proximity of Ser333 and Cys336 is congruent with a stabilization of the Cys336 sulfenic acid by Ser333 (3.0 Å distance between the oxygen atoms) and the substrate-oxidizing function of Cys336. Because at some stage the β-elimination of water from the cysteine sulfenic acid requires abstraction of a proton from the Cβ of the substrate cysteine, Ser333 would have to either exhibit a perturbed pKa value or become deprotonated during catalysis. The negative charge of the forming anion would be stabilized by a hydrogen bond to the Nδ atom of the side chain of conserved Asn360, which is only 3.4 Å away from the Ser333 hy- droxyl group. Alternatively, a solvent hydroxide ion could deprotonate Ser333 in a concerted fashion during attack of Ser333 on the Cβ-proton of the substrate. This mechanism of activation of the catalytic base is in line with the alkaline (pH 9-10) optimum of FGE activity (Fey et al., 2001 ) and, more importantly, the presence of electron density for an oxygen atom (water or hydroxide) in structures 1-3, which hydrogen bonds to Ser333 (Figures 4A-4C) . The alternative catalytic bases His337 and Tyr340 are w10 Å and 7 Å away from Cys336, respectively, rendering their involvement in catalysis less likely.
To test the possible roles of residues Ser333, His337, and Tyr340 in the catalytic mechanism of FGE, four mutants (Ser333Ala, Ser333Thr, His337Ala, and Tyr340Phe) were generated and assayed for FGE activity (see Supplemental Table S1 available with this article online). While the Tyr340Phe mutation did not affect FGE activity significantly, the His337Ala mutation resulted in a 5-fold decrease of specific activity. The most dramatic effect is, however, displayed by the Ser333Ala (inactive; <0.5% of wild-type activity) and Ser333Thr (<0.8% of wild-type activity) mutants. Thus, Ser333 must be strongly involved in the FGE catalytic mechanism and is the prime candidate for the catalytic base.
The biochemical and structural data can be integrated into a novel, yet at this stage of the analysis hypothetical, reaction mechanism of FGly formation ( Figure  5 ). In this mechanism, the resting state of FGE is assumed to be the oxidized form with the Cys336-Cys341 disulfide bond. The substrate, i.e., the unfolded sulfatase, undergoes a disulfide exchange reaction to form a mixed disulfide with Cys341. The free Cys336 is oxidized to the sulfenic acid by molecular oxygen in a monooxigenase-like fashion that requires a reducing agent (glutathione or thioredoxin in vivo, or DTT in vitro) and produces a water molecule. The hydroxyl group of the Cys336-OH sulfenic acid is transferred to the substrate cysteine to form a sulfenic acid in the sulfatase. This reaction is similar to a step in the proposed mechanism for the N. gonorrhoeae pilB methionine sulfoxide reductase (Lowther et al., 2002) and regenerates the disulfide bonded form of FGE. The catalytic base Ser333 initiates a β-elimination of a good leaving group, the hydroxide ion, by abstraction of a proton from the Cβ-atom of the substrate cysteine sulfenic acid. The product is a thioaldehyde, which is unstable under aqueous conditions and undergoes spontaneous hydrolysis to FGly and H 2 S. The net result is the conversion of one molecule O 2 and a thiol into one molecule of water, H 2 S, and an aldehyde ( Figure 5 ).
This proposed FGly-generation mechanism raises several testable hypotheses. First, the product H 2 S should be identifiable by either radioactive labeling or gas chromatography. Second, the Cys336Ser mutant should trap a covalent FGE-peptide complex. Third, the peptide sulfenic acid should be trapped by a modified substrate peptide containing Cys-CF 2 SH at the position of the modified cysteine. Fourth, no oxygen atom from O 2 but from bulk solvent is incorporated into FGly, which could be tested by isotope-labeling experiments. Finally, if molecular oxygen generates the sulfenic acid by a radical mechanism, radical scavengers should abolish FGE activity. This last point has been addressed in initial studies using ibuprofen (1 M-10 mM) as a radical scavenger. No effect was detected on FGE activity (data not shown), indicating that generation of the cysteine sulfenic acid does not require radical formation unless the lifetime of the radical involved is too short to be efficiently quenched by ibuprofen.
Absence of FGly-Generating Activity in pFGE
Whereas all peptides derived from human sulfatases that contain an FGly modification motif are converted by catalytic amounts of FGE, no such activity is observed with pFGE (Mariappan et al., 2005) . The question of why pFGE lacks FGly-generating activity can be directly answered by the absence of the catalytically active disulfide bond ( Figure 1A) . However, peptides that are substrates for FGE also bind to pFGE (Mariappan et al., 2005), because many of the residues (Ala149, Ser155, Trp299, Ser333, Ser356, Asn360, and Leu361) lining the substrate binding groove in FGE are conserved in pFGE. This points to the possibility that pFGE competes with FGE for substrates. Indeed, an inhibitory effect of pFGE on FGE-mediated activation of . Fourteen of these mutations lead to substitutions of residues that are strictly conserved among FGE proteins from different organisms. In the remaining three cases (positions 177, 234, and 279), the residues are highly conserved as serine or alanine. The mutations fall into three classes: structure destabilizing, interference with substrate binding, and catalytically inactivating (Supplemental Table S2 ). Most mutations (15 out of 18) destabilize FGE either by inserting a residue with too large a side chain for efficient packing of the hydrophobic core or by altering the side chain properties such that important interactions are lost (green in Figure 6 ). Structurally very interesting are the Pro266Leu and Asn259Ile mutations, which affect a conserved cis-peptide bond and Ca 2+ binding site 1, respectively. The Asn259Ile mutation supports the notion that the Ca 2+ ions strongly contribute to FGE stability.
Of particular note are the mutations Ala177Pro, Trp179Ser, and Cys336Arg, which have a more drastic effect on substrate binding and catalytic activity of FGE. Ala177 and Trp179 are located close to the active site, i.e., mutation of these residues will most likely compromise substrate binding (yellow in Figure 6 ). More compellingly, Cys336 is part of the active site and the Cys336Arg mutation will exhibit a strongly decreased, if not complete loss of, catalytic activity (red in Figure 6 ), similar to the Cys336Ser mutation (see above).
Conclusions
The human FGE forms the bottleneck in the activation of all sulfatases. The structure explains on a molecular basis the effect of several missense mutations that lead to MSD. The severity of the disease and the fact that most of the mutations lead to destabilized, and therefore inactive, FGE allows the conclusion that there is no FGE backup activity in human. This is surprising, as nematodes and fungi lack FGE but still contain FGlybased sulfatases (Landgrebe et al., 2003) . Hence, another FGly-generating system must be present in these organisms.
We have determined six individual crystal structures of FGE, which reveal both dead-end products (sulfonic acids) that delineate the active site and putative reaction intermediates (sulfenic acid), which allowed construction of a unique oxigenase reaction mechanism not hitherto engaged in any other class of enzymes. Based on unbiased high-resolution electron density, we propose a cysteine sulfenic acid as a crucial reaction intermediate in the catalytic cycle of FGly generation. To our knowledge, FGE is the first enzyme to use molecular oxygen as a terminal electron acceptor (J. Peng, K.v.F., T.D., B.S., A.P.-K., and M.M., unpublished) without requirement of an oxygen-activating cofactor such as FAD. The structural dissimilarity of FGE to Ero1p and Erv2p excludes that these ER-localized cysteine oxigenases share an analogous mechanism. Further studies are required to entirely unravel FGly formation by FGE, especially the role of the sulfenic acid. Because FGE is easily inactivated by irreversible oxidation of Cys336 and/or Cys341, the presence of reactive oxygen species in the ER may have prompted evolution of an FGE-protecting system of which the paralog pFGE may be a part. /Da) suggested one molecule in the asymmetric unit with a solvent content of 46%. All structure determination and refinement calculations were carried out using the CCP4 program suite (CCP4, 1994). The structure was determined from data between 12 Å and 4 Å by molecular replacement with MOLREP using an unrefined initial model of pFGE (Dickmanns et al., 2005) . Rigid body refinement and phase extension to the maximum resolution limit resulted in readily interpretable maps that allowed manual rebuilding of the model with O (Jones et al., 1991) . All other FGE structures were determined by molecular replacement using the first FGE structure as the starting model. Refinement was performed with REFMAC5 with the same set of 5% of reflections reserved for R free crossvalidation (Brünger, 1992) . Water oxygen atoms were assigned automatically with ARP/wARP (Lamzin and Wilson, 1993) . In the final models, residues Ser163-Ala176 are absent as a result of proteolysis. Thirteen N-and three C-terminal residues followed by the sequence RGSH 6 display poor electron density and are disordered to various extents depending on the actual crystal. Two metal ions are present in all structures (Sr 2+ in structure 4, Ca 2+ in all others). Two N-acetyl-glucosamine moieties at Asn141 were visible in the electron density. Two residues, Phe284 and Asn297, have disallowed f/ψ-combinations in the Ramachandran plot, but these residues display excellent electron density. Phe284 is very close to a generously allowed region, and Asn297 binds to the Ca 2+ ion in site 2. Data collection and refinement statistics are summarized in Table  1 
Experimental Procedures
